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Subthreshold Sodium Currents and
Pacemaking of Subthalamic Neurons:
Modulation by Slow Inactivation
spikes (Pape, 1996; Robinson and Siegelbaum, 2003).
However, blocking Ih does not generally stop spontane-
ous firing of STN neurons, and it has been proposed
that pacemaking of these neurons relies instead on a
slowly inactivating, TTX-sensitive “persistent” sodium
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current flowing at subthreshold voltages (Bevan and
Wilson, 1999; Beurrier et al., 2000). Only limited charac-
terization of subthreshold sodium current is possibleSummary
in brain slice experiments, and properties such as its
kinetics during the pacemaking cycle and its relation-Neurons of the subthalamic nucleus (STN) are spon-
taneously active. By voltage clamping dissociated rat ship with conventional transient sodium current remain
to be explored.STN neurons with their own firing patterns, we found
that pacemaking is driven by two kinds of subthresh- We have developed a preparation of acutely dissoci-
ated STN neurons that allows direct recording of individ-old sodium current: a steady-state “persistent” so-
dium current and a dynamic “resurgent” sodium ual ionic currents during the pacemaking cycle. We find
that in addition to persistent sodium current, STN neu-current, which promotes rapid firing by flowing imme-
diately after a spike. These currents are strongly regu- rons possess a dynamic “resurgent” sodium current,
previously described in cerebellar Purkinje neurons (Ra-lated by a process of slow inactivation that is active
at physiological firing frequencies. Slow inactivation of man and Bean, 1997), which flows immediately after
spikes and promotes rapid firing. A process of slowthe pacemaking sodium currents promotes a constant
frequency of tonic firing in the face of small, steady inactivation, which regulates resurgent current as well
as persistent and transient sodium currents, serves aschanges in input and constitutes a form of adaptation
at the single-cell level. Driving cells at a high rate (75 a feedback element regulating the frequency of tonic
firing and may contribute to the effects of clinical deep-Hz) produced pronounced slow inactivation (60%–
70%) of resurgent, persistent, and transient compo- brain stimulation of the STN.
nents of sodium current. This inactivation is likely to
contribute to effects of clinical deep-brain stimulation Results
on STN excitability.
Defining the ionic currents that drive pacemaking re-
Introduction quires accurate voltage clamp and fast solution
changes, both facilitated by the use of dissociated neu-
The subthalamic nucleus (STN) is the only source of rons. The STN is an ideal structure for dissociation (Si-
excitation that is intrinsic to the basal ganglia, exciting dach and Mintz, 2000; Song et al., 2000) because it
output structures that in turn inhibit thalamic motor ar- comprises a highly homogeneous cell population (Af-
eas. STN neurons have intrinsic pacemaking properties, sharpour, 1985). In initial experiments, STN neurons
since the spontaneous firing seen in vivo (Bergman et were identified by retrograde transport of fluorescent
al., 1994) is maintained in brain slices (Nakanishi et al., beads injected into the entopeduncular nucleus, the rat
1987) and persists when fast synaptic transmission is equivalent of the GPi (Figure 1A; Song et al., 2000).
blocked (Bevan and Wilson, 1999; Beurrier et al., 2000). Labeled STN neurons were polygonal, pear shaped, or
Reciprocal connections between the STN and the exter- round, with somata about 10–25 m in the long axis
nal segment of the globus pallidus (GPe) give rise to (Figure 1B). When studied in brain slices, labeled neu-
network rhythmicity (Plenz and Kitai, 1999) that is proba- rons were spontaneously active, as expected (Nakanishi
bly important for normal movements and may be patho- et al., 1987), and spontaneous activity continued and
logically strong in movement disorders (reviewed by Be- was highly regular when fast synaptic transmission was
van et al., 2002b). Electrical high-frequency stimulation blocked by CNQX, APV, and picrotoxin (Bevan and Wil-
(HFS) of the STN can alleviate movement disorders in son, 1999; Beurrier et al., 2000). Dissociated labeled
patients with Parkinson’s disease and in parkinsonian neurons also fired tonically (13 of 13 cells), confirming
animal models (reviewed by Benazzouz and Hallett, that pacemaking is an intrinsic membrane property and
2000; Vitek, 2002). The mechanism of HFS is unknown. does not require synaptic input.
Because the effects resemble those of STN lesions In later experiments, when the location of the STN
(Bergman et al., 1990), one possibility is that HFS si- had become familiar, STN neurons could be clearly iden-
lences STN neurons through overstimulation or depolar- tified, even without labeling. Unlabeled neurons had the
ization block, perhaps involving inactivation of sodium same morphology and characteristic electrophysiologi-
channels (Beurrier et al., 2001). cal properties, including spontaneous rhythmic firing
The best-known mechanism of pacemaking of excit- and narrow action potentials, but were more robust for
able cells involves dynamic activation of the hyperpolar- long-lasting recordings. Virtually all dissociated STN
ization-activated current Ih during the interval between neurons were spontaneously active in a highly regular
manner, firing at 25  10 Hz (n  49). This was faster
than spontaneous firing of cells in brain slices at the*Correspondence: mdo@fas.harvard.edu
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same temperature of 23C, studied with blockers of fast
synaptic transmission (10  8 Hz, n  16). Pacemaking
is evidently driven by currents originating in the soma,
since many dissociated cells had no obvious dendritic
or axonal remnants. The slower pacemaking of intact
cells is expected if dendrites act as a resistive and ca-
pacitative load, and input resistance was higher for dis-
sociated cells (1356  443 M, n  19) than for intact
cells in brain slice with synaptic blockers present (187
55 M, n  8).
When tonic firing was stopped by hyperpolarization
to between 80mV to 90mV, some dissociated neu-
rons (12/49) produced intermittent spontaneous burst-
ing (Figure 1C), a behavior also seen in a similar fraction
(4/16) of STN neurons in brain slices. Many dissociated
neurons produced rebound bursts following hyperpolar-
ization, and some had plateau potentials with overriding
spikes that outlasted a pulse of depolarizing current,
as in brain slices (Nakanishi et al., 1987; Beurrier et al.,
1999; Otsuka et al., 2001, Bevan et al., 2002a). Thus,
dissociated STN neurons retain intrinsic membrane
properties characteristic of more intact neurons.
Pacemaking and Subthreshold Sodium Current
To examine what ionic currents are involved in generat-
ing the spontaneous depolarization between spikes, we
recorded a cell’s own spontaneous spike train, replayed
it to that cell as a command in voltage clamp, then used
ionic substitutions and blockers to isolate individual cur-
rents flowing during pacemaking (Figure 2A). Resolution
was improved by signal averaging the currents over
multiple pacemaking cycles.
We focused on three likely candidates for driving
pacemaking: Ih, calcium current, and voltage-dependent
sodium current. We targeted Ih with 3 mM external Cs
(Pape, 1996; Beurrier et al., 2000). The current blocked
by 3 mM Cs was consistently either zero or slightly
outward in the interspike interval between 70mV
and 50mV (five of five cells; Figures 2B and 2C), sug-
gesting that little or no Ih flows during the spontaneous
depolarization between spikes. There was an outward
Cs-sensitive current during the falling phase of the
spikes, probably reflecting a weak block of potassium
channels.
Total calcium current was isolated by isomolar substi-
tution of Co2 for Ca2, with TEA present in both solu-
tions at high concentration (160 mM, replacing sodium)
to block Ca2-activated potassium current. A large cal-
cium current was present during the spike, as expectedFigure 1. Spontaneous Tonic Firing and Hyperpolarization-Induced
(Sidach and Mintz, 2000; Song et al., 2000), reaching aBurst Firing of STN Neurons in Slices and following Dissociation
peak during the falling phase. However, calcium current(A) (Top) IR-DIC montage from a coronal slice, in which STN neurons
were retrograde labeled by injection of fluorescent latex micro- contributed little or no current during the interspike inter-
spheres into the entopeduncular nucleus. Cerebral peduncle (CP), val (Figure 2B). Cobalt-sensitive current was 0.1  3
lenticular fasciculus (arrows), lateral hypothalamus (LH), zona in- pA at 70mV, 0.1  3 pA at 60mV, and 1.5  2.7
certa (ZI), and third ventricle (3V) are labeled. (Bottom) Same mon- pA at 50mV (n  7). Thus, calcium current does not
tage in fluorescence, showing rhodamine-labeled microspheres.
appear to contribute to the spontaneous depolarizationDorsal at top, medial at right.
during the pacemaking cycle.(B) (Left) Labeled STN neuron in a brain slice, with fluorescence and
IR-DIC images superimposed. (Right) Labeled dissociated STN cell. In contrast to Ih and calcium current, TTX-sensitive
(C) (Top) Bursting (with 37 pA injected current) and tonic (no in-
jected current) firing of an “intact” cell recorded in brain slice. Inter-
nal solution: 108 mM KCH3SO4, 13.5 mM NaCl, 1.8 mM MgCl2, 9 mM
(Bottom) Bursting (12 pA) and tonic (0 pA) firing in a dissociatedEGTA, 9 mM HEPES, 14 mM phosphocreatine (Tris salt), 4 mM
MgATP, 0.3 mM GTP (Tris salt) (pH 7.2 with KOH). External solution: cell. K-phosphate internal solution, 2 Ca Tyrode’s external solution.
Experiments performed near 23C.ACSF with 20 M CNQX, 50 M D, L-APV, and 100 M picrotoxin.
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TTX-sensitive current also flowed at all times during
the interspike interval, even at the most hyperpolarized
voltage following spikes (15 of 15 cells, Figure 2B). The
average interspike sodium current was 6.8  3.8 pA
at70mV,14.2 7.3 pA at60mV, and56.2 32.7
pA at 50mV (n  15, Figure 2C). The sodium current
flowing during the early interspike interval was nearly
equal to net ionic current, calculated from CmdV/dt (Hodg-
kin and Huxley, 1952), being 6.8  3.8 pA and 7.1 
9.8 pA at 70mV, respectively, and 7.4  3.8 pA
and 7.7  7.4 pA at 64mV. Thus, TTX-sensitive cur-
rent is sufficient to account for the spontaneous depolar-
ization during the early interspike interval. Later in the
interspike interval, TTX-sensitive sodium current was
larger than net ionic current. TTX-sensitive current and
net ionic currents were 10.6  6.0 pA and 8.1  6.4
pA at 62mV, and 23.6  15 pA and 12.3  9.9 pA
at56mV (n  15). This divergence suggests activation
of substantial subthreshold potassium currents.
In current-clamp experiments using dissociated cells
(data not shown), spontaneous firing continued (eight
of eight cells) when Ih was blocked by 3 mM external Cs.
Firing frequency generally slowed with an application of
Cs, from 30  19 Hz in control to 22  16 Hz with Cs
(p  0.01, Wilcoxon matched pairs test). This slowing
was accompanied by a depolarization of the interspike
voltage, with the peak afterhyperpolarization changing
from 79mV  5mV in control to 76mV  6mV (p 
0.04) and maximal spike upstroke velocity changing
from 94mV/ms  39mV/ms to 68mV/ms  40mV/ms
(p  0.03). Therefore, the effects of Cs are probably
not due to the block of Ih but rather to a reduction in
potassium conductances activated during the action
Figure 2. Candidate Pacemaker Currents during Spontaneous
potential, leading to a reduced AHP and increased inac-Firing
tivation of sodium channels. With application of the or-(A) Segment of the spontaneous spike train recorded from a dissoci-
ganic blocker ZD7288 (10 M), two of the six cells testedated cell (top), and TTX-sensitive current recorded under voltage
stopped firing. However, cessation of firing was due toclamp, using the spike train as the command voltage in the same
cell (bottom). Dashed line indicates zero current. depolarization and not hyperpolarization. In the four of
(B) Signal-averaged spike waveform, with signal-averaged sodium six cells in which firing continued, the frequency of firing
current (black), calcium current (blue), and Cs-sensitive current increased slightly, from 18  11 to 22  13 Hz (p  0.1).
(violet) elicited by the waveform. All traces from same cell as in (A).
Thus, when there were effects of Cs or ZD7288, theyIndividual spikes in a 2 s segment of firing were aligned at their
were due to depolarization rather than hyperpolarizationpeaks, then spikes and their currents were averaged over multiple
and probably reflect small effects of both blockers oncycles.
(C) Population magnitudes of sodium current (circles, 15 cells), cal- currents other than Ih.
cium current (squares, eight cells), and Cs-sensitive current (trian- When Ca2 was replaced by Co2, spontaneous firing
gles, six cells), plotted against voltage during the interspike depolar- generally continued (eight of nine cells) but became ir-
ization. Error bars indicate  SD. K-phosphate internal solution.
regular, with single spikes or clusters of spikes (lastingPacemaking was recorded in 1.2 Ca Tyrode’s solution. Sodium cur-
1 s) interspersed with periods of subthreshold oscilla-rent was defined in voltage clamp by subtracting current recorded
tions. Since Ca2 currents did not flow during interspikein 150 mM NaCl, 3.5 mM KCl, 1.2 mM CaCl2, 1 mM MgCl2, 10 mM
glucose, 10 mM HEPES, 10 mM TEACl, 300 nM TTX, pH 7.4 from intervals, these changes probably reflect the block of
current in the same solution but without TTX. Calcium current was Ca2-activated potassium current, consistent with the
defined by subtracting current recorded in 160 mM TEACl, 1.2 mM interpretation of similar results in brain slice (Bevan and
CoCl2, 3.5 mM KCl, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES, Wilson, 1999). The application of TTX halted spontane-pH 7.4 from current in the same solution but with 1.2 mM CaCl2
ous activity completely (three of three cells), as for STNreplacing CoCl2. Cs-sensitive currents were obtained by sub-
neurons in brain slice (Beurrier et al., 1999, 2000; Bevantracting current recorded in 150 mM NaCl, 3.5 mM KCl, 1.2 mM
CoCl2, 3 mM CsCl, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES, and Wilson, 1999), producing a stable resting potential
pH 7.4 with NaOH from current in the same solution without CsCl. of 59mV  1mV.
Experiments performed near 23C.
Characterization of Subthreshold Sodium Current
These results are consistent with previous proposalssodium current flowed throughout the pacemaking cy-
cle (Figure 2B). As expected, sodium current was largest that TTX-sensitive persistent sodium current underlies
the pacemaking of STN neurons (Bevan and Wilson,during the upstroke of the action potential, with an aver-
age peak of 772 697 pA (n 15). A small but detectable 1999; Beurrier et al., 2000). To test whether the sodium
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Figure 3. Comparison of Steady-State Persistent and Dynamic Sodium Currents during the Interspike Interval
(A) The voltage protocol (top), and the TTX-sensitive current elicited by it (bottom). The first pair of spikes in the voltage protocol is as recorded
in natural time, and the second pair is identical but has been expanded in time by 100-fold. (Current during rising phase of natural spikes has
been cut off.) NMDG-phosphate internal solution, TEA/Cs/Cd Tyrode’s external solution. Sodium current defined by subtracting currents
remaining in 300 nM TTX.
(B) Conductance-voltage relationship of persistent sodium current during the interspike interval and upstroke of 50 or 100 spikes (red,
average of five cells) and during slow (20mV/s) ramps (gray, average of three cells). Conductances were calculated by dividing the current at
each sample point by the driving force, using 38mV as the reversal potential (measured in two cells). For persistent current defined by
ramps, internal solution was K-phosphate and external solution was 1.2 Ca Tyrode’s, with sodium current defined by subtracting currents
remaining in 300 nM TTX.
(C) (Top) Command waveforms (waveform in natural time, superimposed with 100-fold slowed spike waveform that has been plotted on 100-
fold compressed time base). (Bottom) Persistent current, recorded with 100-fold slowed waveform (red), plotted on 100-fold compressed time
base, and superimposed with total sodium current elicited by the spike in natural time (black). Arrow indicates dynamic sodium current at
the trough, where persistent current is zero. This segment of dynamic current is fit with a single exponential (time constant of 3.5 ms).
Experiments performed near 23C.
current during the interspike interval represents a resurgent current in STN neurons were very similar to
resurgent current in Purkinje neurons (Raman and Bean,steady-state persistent current, we compared the so-
dium current elicited by an action potential to that elic- 1997, 2001). With repolarization to 40mV, where the
magnitude was generally maximal, peak current wasited by the same waveform slowed down by a factor of
50 or 100. The membrane potential changed so slowly 348 337 pA, was reached 3.8 1.2 ms after repolar-
ization, and decayed with a time constant of 18 6 ms.during this waveform that maximal fast inactivation
should be reached at each voltage during the cycle, At 70mV, the magnitude was 133  84 pA, time to
peak was 0.6  0.5 ms, and the decay time constantleaving only steady-state current. The voltage protocol
(Figure 3A) consisted of four spikes, the first pair on the was 6.8  8.4 ms (n  17, Figure 4A).
Figure 4B illustrates an experiment that distinguishednatural time scale and the second pair on a time scale
100 times slower. The current elicited by the slowed resurgent current from tail current, which might flow
through channels that do not inactivate completely dur-spikes had virtually identical magnitude and voltage de-
pendence to that elicited by slow voltage ramps (20mV/s), ing a spike. We compared the TTX-sensitive sodium
current elicited by the spike waveform (Figure 4B, blackthe usual way of defining steady-state persistent sodium
current (Figure 3B). trace) with that elicited by a hybrid step/waveform proto-
col in which the falling phase of the action potential wasBy plotting the current elicited by the slowed spikes
on a 100-fold compressed time base, we could compare preceded by a 5 ms step to 15mV, the peak of the
action potential (blue trace). The 5 ms step producessteady-state persistent sodium current with additional
components of sodium current that may depend on dy- maximal inactivation and thus eliminates almost all tail
current that might otherwise flow. Also plotted is thenamic changes in voltage. The biggest difference was
the large transient sodium current flowing during the steady-state persistent sodium current elicited by the
100-fold slowed spike waveforms (red trace). Inactiva-upstroke of the action potential (Figure 3C). However,
there was also a dynamic current during the repolariza- tion is indeed incomplete at the peak of the natural spike
(Figures 2 and 4), and significant tail current does flowtion and early interspike interval (five of five cells). This
dynamic current is reminiscent of resurgent sodium cur- during the early part of the repolarization. But by the time
of the afterhyperpolarization, the total sodium currentrent previously seen in cerebellar Purkinje neurons (Ra-
man and Bean, 1997), which flows during repolarization elicited by the natural spike was comparable to the cur-
rent elicited by the hybrid protocol, which had a clearfollowing depolarizations that are long enough to pro-
duce fast inactivation and which appears to originate rising phase. Thus, the dynamic current flowing at the
end of the action potential is almost entirely resurgentfrom sodium channels that recover from inactivation
through the open state. Indeed, when we tested STN current. Resurgent current flows before persistent cur-
rent has activated and continues well into the interspikeneurons with suitable voltage protocols (e.g., Figure 4A),
101 of 104 STN neurons displayed clear resurgent so- interval. The same result was obtained in each of five
cells tested with this protocol.dium current. The voltage dependence and kinetics of
Regulation of Pacemaking in Subthalamic Neurons
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Figure 5. Ih and Pacemaking of STN Neurons in Brain Slice at 35C
(A) (Left) Slowly activating inward current was elicited by 5 s steps
from a holding potential of 50mV to voltages from 60mV
to120mV in 10mV increments. Resolvable time-dependent activa-
tion is first evident at80mV. (Right) Block of the hyperpolarization-
activated current by 3 mM Cs. Internal solution, K-methanesulfo-
Figure 4. Resurgent Sodium Current Activated by Voltage Steps nate (90 M EGTA). External solution, ACSF containing 300 nM TTX,
and during the Interspike Interval 2 mM kynurenate, and 100 M picrotoxin, with 0.3 mM BaCl2 added
(A) Voltage protocol for characterizing resurgent current (top) and to reduce inward rectifier potassium currents.
TTX-sensitive current flowing in response to the protocol (bottom). (B) Effect of 10 M ZD7288 or 3 mM Cs on spontaneous firing in
A step to produce maximal fast inactivation (30mV, 5 ms) preceded brain slice at 35. Solutions as in (A) but without BaCl2 and TTX in
a family of test steps (80mV to20mV in 10mV increments for 200 the bath.
ms). Break in time axis represents 100 ms. Three seconds at90mV
separated the end of one sweep and the start of the next. NMDG-
phosphate internal solution, TEA/Cs/Cd Tyrode’s external solution. In voltage-clamp experiments, Ih was blocked nearly
(B) Comparison of TTX-sensitive current elicited by the spike wave- completely by 1–3 mM Cs (n  7) or 10 M ZD7288
form in natural time (black), by the spike waveform slowed 100-fold
(n  7), but these blockers had little effect on firing.(persistent current, red), and by a step to the spike peak (15mV)
The frequency of firing in slices at 35C with synapticfor 5 ms to produce complete inactivation, followed by the spike
blockers was 19  14 Hz (n  41). When external Csrepolarization (blue). Same cell as in Figure 3. NMDG-phosphate
internal solution, TEA/Cs/Cd Tyrode’s external solution. was applied, pacemaking continued in four of seven
Experiments performed near 23C. cells tested. In these four cells, the spike frequency
increased from 16  7 Hz to 25  7 Hz (p  0.14). In
the three cells in which firing stopped, the cessation ofPacemaking of Intact STN Neurons
These results show that pacemaking of dissociated STN firing was due to depolarization block, and firing could
be recovered by injection of steady hyperpolarizing cur-neurons can be accounted for entirely by resurgent and
persistent sodium currents flowing at subthreshold volt- rent. When 10 M ZD7288 was applied, firing continued
in six of seven neurons, without a change in averageages. In principle, Ih might be more important in intact
cells. Channels might be present at higher density in firing frequency (18.2  7.4 Hz in control, and 18.1 
7.0 Hz with ZD7288). The cessation of firing in the re-dendrites than in the cell body (cf. Magee, 1999). Also,
the longer interspike interval of intact neurons might maining cell was due to depolarization and reversed
with steady hyperpolarizing current. These effects ofallow more time for activation of Ih, which would be faster
at physiological temperatures. Therefore, we examined Cs or ZD7288 were opposite to those expected if Ih
served as a pacemaker current. The results suggestthe role of Ih in pacemaking of intact STN neurons at
35C. significant nonspecific effects of ZD7288 as well as Cs,
and we found that 10 m ZD7288 substantially inhibitedAlthough Ih was difficult to resolve in dissociated STN
neurons, it was large in intact neurons (Figure 5A, 15/ potassium currents activated by step depolarizations
(data not shown).15 cells), as previously reported (Beurrier et al., 2000).
However, activation of Ih required hyperpolarizations The waveform of pacemaking reached less negative
voltages in intact cells at 35C (troughs of 65mV negative to 70mV, while during pacemaking of STN
neurons in brain slice at 35C, the most negative voltage 5mV, n 41) than in dissociated cells at 23C (76mV
6mV, n  50) and had narrower spikes (460  156 s,reached (the AHP following a spike) averaged65mV
5mV (n  41). It is therefore unlikely that there is signifi- n  41 versus 2.5  1.8 ms, n  50). To determine
whether subthreshold sodium current was effectivelycant dynamic activation of Ih during the physiological
pacemaking cycle, especially since activation occurred activated during the pacemaking cycle under physiolog-
ical conditions, we used a segment of spontaneous ac-relatively slowly, with a time constant of about 600 ms
at 80mV (Figure 5A). tivity from an intact cell at 35C as a voltage command
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eral seconds (e.g., Figures 1C and 7C). When we re-
leased dissociated STN neurons from a 5 s hyperpolar-
ization to between80mV and90mV, the pacemaking
frequency was initially elevated by 47% 13% and then
relaxed to baseline in 4–9 s (n  8).
A number of ionic mechanisms might contribute to this
regulation of firing frequency. Hyperpolarization would
remove inactivation from T type calcium channels and
activate Ih. However, while these currents are well suited
for rebound bursts of several hundred ms (Bevan et al.,
2002a), they would decay in less than a second over
the voltage range of pacemaking and cannot account
for slower relaxations of firing frequency. Given the im-
portance of resurgent and persistent sodium current
in tonic firing, we asked whether regulation of these
currents might be involved. Neither persistent current
nor resurgent current should be reduced by normal fast
inactivation of sodium channels, since persistent current
flows when fast inactivation is at steady state, and resur-
gent current flows most effectively with an initial condi-
tion of complete fast inactivation (Raman and Bean,
2001). However, with maintained or repeated depolariza-
tion, a fraction of sodium channels in many neurons
enter inactivation states from which recovery is much
slower than for normal fast inactivation (reviewed by Vilin
and Ruben, 2001). Slow inactivation of sodium channelsFigure 6. Somatic Sodium Current during Physiological Pacemak-
contributes to slow cumulative adaptation of spikes elic-ing Waveform
ited by long current injections in neocortical pyramidal(A) Segment of pacemaking from a representative cell in brain slice
at 35C (top), and the TTX-sensitive sodium current that flowed when neurons (Fleidervish et al., 1996), attenuation of back-
it was applied as a voltage-clamp command to a dissociated cell, propagating action potentials in dendrites of hippocam-
at 35C (bottom). pal pyramidal neurons (Colbert et al., 1997; Jung et al.,
(B) Signal-averaged spike waveform, with signal-averaged sodium 1997), and variance adaptation in salamander retinal
current elicited by the waveform.
ganglion neurons (Kim and Rieke, 2003). In some cases,(C) Means and standard deviations of sodium current plotted against
persistent sodium current is also susceptible to slowvoltage during the interspike depolarization for six cells. Pacemak-
inactivation (Fleidervish et al., 1996). Whether resurgenting was recorded with a K-methanesulfonate internal solution (90
M EGTA) and ACSF external solution with 1–2 mM kynurenate sodium current is regulated by slow inactivation has not
and 100 M picrotoxin. Voltage-clamp experiments employed an been explored.
NMDG-phosphate internal solution and 1.2 Ca Tyrode’s external The experiment in Figure 7A tested for slow inactiva-
solution.
tion of transient, resurgent, and persistent components
of sodium current by long steady depolarizations. A 20
s depolarization to voltages from90mV to40mV was
for dissociated cells studied at 35C. This experiment followed by 100 ms at 90mV, to allow recovery from
defines the kinetics of sodium current during the physio- fast inactivation, then by a test sequence consisting of
logical waveform at physiological temperature (Figure a 10 ms step to 15mV, which elicits transient current
6). TTX-sensitive sodium current was substantial during (and also primes for resurgent current) and a 100 ms step
the interspike interval, being 20  18 pA at 65mV, to 40mV, which elicits resurgent current. Persistent
23  17 pA at 60mV, and 77  30 pA at 50mV current can be measured as the steady-state current at
(n 6). This interspike sodium current is larger than that the end of the step to 40mV. All three components of
of dissociated neurons clamped with their own pace- sodium current were highly susceptible to slow inactiva-
making (Figure 2), probably due to three factors: pace- tion (Figure 7B). Slow inactivation appeared saturated
making of cells in slice is slower, which might generate at 40mV, where transient, persistent, and resurgent
a lower level of inactivation; has more depolarized AHPs, currents were reduced to 45  15, 32  37, and 29% 
which would activate a larger and longer-lasting resur- 20% of their control values, respectively (p  0.4,
gent sodium current; and a more depolarized interspike Kruskal-Wallis H test, n  6; Figure 7B). The steady-
interval, which would activate a greater amount of per- state voltage dependence of slow inactivation could be
sistent current. These experiments are consistent with fit well by Boltzmann functions, with midpoints of
subthreshold sodium current being the principal engine 62mV  7mV, 59mV  13mV, and 65mV  7mV
of pacemaking in intact STN neurons as well as dissoci- (p0.6) for transient, persistent, and resurgent currents,
ated neurons. and slope factors of 8mV  4mV, 7mV  5mV, and
6mV  3mV (p  0.7).
Slow Inactivation of Pacemaking Sodium Currents To ask if slow inactivation regulates pacemaking fre-
After a hyperpolarizing current injection or a train of quency, we used as a voltage command the spontane-
IPSPs that halts firing, STN neurons display a period of ous firing of a cell that was released from several sec-
onds of hyperpolarization to 90mV (Figure 7C). In thisheightened firing (Bevan et al., 2002a) that can last sev-
Regulation of Pacemaking in Subthalamic Neurons
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Figure 7. Slow Inactivation of Pacemaking Sodium Currents
(A) Slow inactivation of transient, persistent, and resurgent sodium currents. (Top) A 20 s prepulse was followed by three test sequences,
each comprising a 100 ms step to 90mV (to allow recovery from fast inactivation), 10 ms conditioning step to 15mV, 100 ms test step
to 40mV, and 100 ms recovery step to 90mV. One sequence is shown. 10 s at 90mV preceded the next prepulse. (Bottom) TTX-sensitive
current, averaged across three sequences per prepulse voltage, displayed for prepulses between 90mV and 40mV. Peak transient current
is off scale.
(B) Slow inactivation of transient current (circles, defined as peak minus steady-state current during the conditioning step to15mV), persistent
current (squares, steady state during test step to 40mV minus baseline), and resurgent current (triangles, peak minus steady state during
the test step). Mean conductances are plotted as a function of prepulse voltage and fit with Boltzmann functions, (1 P)/(1  exp(V 
Vh)/k)  P, where V is the prepulse voltage, Vh is the voltage of half inactivation, k is the slope factor, and P is the pedestal (n  6, error bars
are SD). Boltzmann functions were fit to G-V relationships of transient, persistent, and resurgent for each cell, yielding mean voltages of half
inactivation of 62mV  7mV, 59mV  13mV, and 65mV  7mV, respectively, and mean slope factors of 8mV  4mV, 7mV  5mV, and
6mV 3mV. Diamonds: Voltage dependence of fast inactivation, assessed with 200 ms prepulses from65mV (n 4) and fit with a Boltzmann
function; average midpoint was 67mV  1mV and slope factor 6mV  1mV.
(C) Slow inactivation of sodium current during basal spontaneous activity. (Top) Waveform of spontaneous firing taken from a cell that was
released from hyperpolarization to 90mV and applied as a voltage command to other cells. The command waveform is preceded by a probe
(10 ms step to 15mV and a 100 ms step to 30mV) to evoke the three components of sodium current. Each presentation of the waveform
contained the same probe, preceded by 100 ms at 90mV to remove fast inactivation, in a different position to monitor the development of
slow inactivation. Three seconds at 90mV separated each presentation. (Inset) The probe voltage protocol, with currents elicited when the
probe was presented either before the spike conditioning waveform (larger resurgent current) or 9 s into the waveform (smaller resurgent
current). Peak transient current is off scale. (Bottom) Time course of slow inactivation of transient, persistent, and resurgent currents during
spontaneous firing, expressed as ratio of test and reference sodium currents (n  7). Plotted on the right axis (continuous trace) is the relative
frequency of spiking in the command waveform. NMDG-phosphate internal solution, TEA/Cs/Cd Tyrode’s external solution.
Experiments performed near 23C.
cell, firing occurred at 79 Hz immediately after release was too short at 35C. To roughly match HFS frequency
with that of clinical deep-brain stimulation (100–200 Hz),from hyperpolarization and then slowly declined to a
steady value of 40 Hz. A test protocol to measure tran- we used a stimulation frequency of 75 Hz, corresponding
to a Q10 of about two, similar to the Q10 of pacemakingsient, persistent, and resurgent currents was delivered
before this waveform, and the same step protocol was frequency (Bevan and Wilson, 1999). Of ten cells tested
with 75 Hz stimulation for one min, seven fired fasterembedded in the waveform itself, at a different time
point for each presentation. As illustrated in Figure 7C, throughout the period of HFS. Three cells followed the
stimulation faithfully and resumed pacemaking immedi-slow inactivation develops during spontaneous firing
after release from hyperpolarization. After 9 s of sponta- ately afterward with little change in frequency (e.g., Fig-
ure 8A, top). One cell followed HFS faithfully and re-neous firing, transient current was reduced to 62% 
5%, persistent current to 77%  8%, and resurgent sumed firing at a slowed rate that returned to control
over several seconds. Three cells followed HFS partiallycurrent to 55%  9% of their initial values (n  7). The
development of slow inactivation accompanied the slow (firing on roughly 40% of the stimuli) and showed a short
post-HFS period of silence (between 200 ms and severaldecline in firing frequency after the release from hyper-
polarization. seconds) before resuming tonic firing that returned to
the control rate over 2–10 s (e.g., Figure 8A, bottom).This result shows that even under basal conditions of
spontaneous firing, slow inactivation of sodium chan- The three remaining cells stopped firing during stimula-
tion and never recovered robust pacemaking afterward,nels is substantial and likely influences the frequency
of pacemaking. We next explored higher rates of firing resting near 50mV and firing sporadic single spikes.
Overall, these results suggest that, at the single-celldriven by exogenous stimulation. These experiments
were also done at room temperature, since cell lifetime level, HFS induces changes in excitability that generally
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outlast the period of stimulation by only a few seconds.
However, even in cells that fired on each stimulating
pulse, the elicited spikes became progressively smaller
and broader, showing a decrease in underlying excitabil-
ity during the period of HFS.
To examine how sodium current was affected by
driven firing, we used the current-clamp recording from
a typical cell stimulated at 75 Hz as a conditioning train
to other neurons studied under voltage clamp and exam-
ined the effect on the various components of sodium
current (Figure 8B). This conditioning train reduced tran-
sient, persistent, and resurgent sodium currents to
36% 5%, 28% 16%, and 37% 13% of their control
values, respectively (n 6). Recovery from these effects
(at a holding potential of80mV) occurred in a biphasic
manner that was similar for the three components of
current (Figure 8C). Each recovered to about 60%–80%
of its control value over the first 20 s, followed by a
smaller and slower component. The time to 65% recov-
ery was 5 1, 7 4, and 5 3 s for transient, persistent,
and resurgent sodium currents (n  6, Figure 8C). We
performed a separate series of experiments to assess
recovery at 65mV (n  7) and found similar kinetics
as at 80mV, suggesting little voltage dependence to
recovery kinetics, similar to previous observations in
hippocampal granule neurons (Ellerkmann et al., 2001).
Discussion
Prominent resurgent sodium current has been de-
scribed previously in only one other cell type, cerebellar
Purkinje neurons (Raman and Bean, 1997). Gluta-
matergic STN neurons and GABAergic Purkinje neurons
serve very different functional roles, but they are similarFigure 8. Modulation of Pacemaking Frequency and Slow Inactiva-
in firing spontaneously at relatively high frequenciestion of Sodium Currents Induced by High-Frequency Stimulation
(Ha¨usser and Clark, 1997; Raman and Bean, 1997; Beur-(A) Intracellular HFS (2 nA, 100 s, 75 Hz) was delivered for 1 min
rier et al., 1999; Bevan and Wilson, 1999). Even withoutin 10 s sweeps to dissociated STN neurons (without holding current).
(Top) Cell that followed stimulation and showed no modulation of resurgent current, the decay of potassium currents and
its firing frequency afterward. (Bottom) Cell that only fired on about the influence of background currents would probably
half of the stimuli and experienced a transient decrease of pacemak- depolarize the cell sufficiently for activation of persistent
ing frequency following stimulation. Firing frequency was averaged
current, which could return the cell to spike threshold.in successive 500 ms windows and displayed for a period immedi-
However, pacemaking based on persistent current aloneately before HFS, during the end of HFS, and shortly after HFS.
(cf. Taddese and Bean, 2002) is likely to be slower thanK-phosphate internal solution, 1.2 Ca Tyrode’s external solution.
(B) (Top) Voltage recording used as a command waveform to assess observed for Purkinje and subthalamic neurons. Two
the effects of HFS on sodium currents, obtained by delivering HFS properties of resurgent current are important for driving
to a neuron that was hyperpolarized by steady current injection rapid firing. The most obvious is the injection of inward
to 80mV (to relieve all slow inactivation prior to stimulation). Tran-
current immediately after a spike. But, in addition, resur-sient increases in spike amplitude every 10 s are due to short gaps
gent current is associated with unusually rapid recoveryat80mV between HFS sweeps. (Bottom) Segments from the begin-
from inactivation, so that the sodium channels produc-ning, middle, and end of the voltage recording on an expanded scale,
with the current stimuli shown below. NMDG-phosphate internal ing resurgent current also reprime rapidly and are
solution, TEA/Cs/Cd external solution. quickly available to pass transient current to fire another
(C) Resurgent (peak) and persistent (steady state) current elicited action potential (Raman and Bean, 1997, 2001). Both
by the test step to 40mV before, immediately after, and 92 s after
properties promote rapid firing of a subsequent actiondelivery of the train, holding potential of 80mV before and after
potential, opposite to the refractory period associatedthe train. Peak transient current, measured during the first voltage
with conventional sodium channels that recover fromstep, is off scale.
(D) Time course of recovery of various components of sodium cur- inactivation without passing current. Modeling studies
rent at 80mV following reduction by HFS waveform (n  6). Tran- support the idea that the presence of a resurgent current
sient (circles), persistent (squares), and resurgent (triangles) currents accelerates both spontaneous rhythmic firing (Khaliq et
defined as for experiments on the voltage dependence of slow inac-
al., 2003) and burst firing during stimulation (D’Angelotivation, but without averaging. The protocol for probing recovery
et al., 2001).did not itself cause significant slow inactivation.
No detectable Ih flows between spikes, and the effectsExperiments performed near 23C.
of Csor ZD7288 on firing were associated with depolar-
ization, probably from effects on potassium channels.
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These results support previous evidence against a pri- (Figure 7B). During normal spontaneous firing, we find
that resurgent current is reduced to 55% by slow inacti-mary role for Ih in STN pacemaking (Bevan and Wilson,
1999; Beurrier et al., 2000). Although Ih channels are vation (Figure 7C), and faster firing from excitatory corti-
cal and thalamic afferents would reduce it further. Slowevidently not dynamically activated during the normal
pacemaking cycle, they may serve a secondary role inactivation is nearly maximal at 50mV, a voltage
reached for hundreds of milliseconds to several secondsby ensuring that cells do not become hyperpolarized
beyond the range where resurgent and persistent so- during rebound firing (Bevan et al., 2002a), spontaneous
bursting (Beurrier et al., 1999), and plateau potentialsdium currents can drive pacemaking. Resurgent sodium
current is a “rebound” current that requires a preceding (Otsuka et al.,2001; Baufreton et al., 2003). Onset and
removal of slow inactivation occur with predominantspike, so pacemaking based exclusively on this current
would not restart once stopped. Persistent sodium cur- time constants of several seconds and will produce ad-
aptation of excitability on this time scale.rent does not require a preceding spike but does require
depolarization positive to 70mV. Hence, pacemaking Both resurgent sodium current and persistent sodium
current help promote burst firing (Raman and Bean,based on resurgent and persistent sodium currents can
be halted by hyperpolarization of just a few millivolts 1997; D’Angelo et al., 1998; Brumberg et al., 2000) as
well as pacemaking. Many STN cells fire rebound burstsnear 70mV. Activation of Ih at these potentials, even if
slow and small, could act as a safety mechanism for following prolonged IPSPs (Bevan et al., 2002a), and
some fire spontaneous bursts during a steady, smallthe pacemaking of STN neurons, even if not usually
needed (see also Beurrier et al., 2000). A similar role has hyperpolarization (Beurrier et al., 1999). Resurgent cur-
rent is larger and more prolonged with spike repolariza-been suggested for Ih in cerebellar Purkinje neurons
(Williams et al., 2002). tion to the voltages near 50 that are typical of bursts
than to more negative voltages, even though the drivingTransient, persistent, and resurgent components of
sodium currents in STN neurons are all powerfully regu- force is less, and persistent current is nearly maximal
at these voltages. Thus, both sodium currents are espe-lated by a process of slow inactivation, which can be
produced effectively by repeated narrow action poten- cially effective at driving high-frequency spiking on top
of an underlying depolarization. With long-duration re-tials as well as by long steady depolarizations. The ability
of short depolarizations to produce slow inactivation is bound bursts, there is often no sharp termination of the
burst but, rather, a gradual deceleration of firing backsimilar to other central neurons (Colbert et al., 1997;
Jung et al., 1997; Ellerkmann et al., 2001; Taddese and toward the basal firing frequency (Bevan et al., 2002a).
The onset of slow inactivation can account well for thisBean, 2002) but different from sodium channels in skele-
tal muscle, where short depolarizations are ineffective gradual decline of firing frequency, which can take up
to 5 to 10 s (Figure 7C).(Ong et al., 2000). Slow inactivation in STN neurons has
an unusually steep voltage dependence, with a slope Initial observations suggested that HFS delivered by
deep-brain electrodes to treat parkinsonian motor con-factor of 7mV, compared to slow inactivation of so-
dium current reported in other central neurons, with ditions might silence STN neurons and remove tonic
hyperexcitation of its target structures, the GPi and SNrslope factors of 12mV–17mV (Kuo and Bean, 1994; Flei-
dervish et al., 1996). The similarity of slow inactivation (Benazzouz et al., 2000). However, glutamate release
from STN afferents actually increases during HFS (Win-for all three components of sodium current suggests
that they originate from the same, or at least overlap- dels et al., 2000), and GPi and SNr neurons can be
excited throughout a period of HFS applied to the STNping, pools of sodium channels, consistent with previ-
ous evidence that a single type of sodium channel can (Hashimoto et al., 2003). In our experiments, even though
HFS produced dramatic slow inactivation of sodium cur-contribute to resurgent, persistent, and transient com-
ponents of current (Raman et al., 1997). However, the rent, many cells still fired with each stimulating pulse
throughout a period of HFS. Even when firing did notrelative contribution to each component seems likely to
vary among molecular subtypes of sodium channels. follow HFS faithfully, the average firing rate was gener-
ally higher than under basal conditions. Thus, depolar-Slow inactivation of the resurgent and persistent so-
dium currents that drive pacemaking has a negative ization block of excitability during HFS was the excep-
tion rather than the rule in our reduced preparation.feedback effect: slower firing rates or hyperpolarization
decrease the level of slow inactivation and upregulate Moreover, the slow inactivation induced by HFS was
reversed by 60%–70% in a few seconds. This makes itthe pacemaking sodium currents, while faster firing
rates or depolarization decrease these currents. Regula- seem unlikely that tonic firing of STN neurons would be
silenced for more than a few seconds following termina-tion of transient sodium current by slow inactivation is
probably less important to firing rate, since the safety tion of HFS, at least not from direct effects of HFS on
sodium channels. Beurrier and colleagues (2001) foundfactor for spike formation is high (Madeja, 2000) but may
also contribute somewhat by changing the threshold for that extracellular HFS at very high frequencies (	166
Hz) could produce long-lasting silencing of tonic firingspike firing.
The steep-voltage dependence of slow inactivation is in brain slices; there could well be long-lasting effects
within the STN of HFS applied in vivo or in brain slicespositioned directly in the physiological operating range
of STN neurons, with half-maximal voltages of 65mV that involve sodium channels less directly, including in-
creases in extracellular potassium, release of modula-to59mV, typical of the interspike interval during pace-
making. STN neurons receive GABAergic afferents from tory neurotransmitters, or accumulation of intracellular
calcium.the GPe, and the physiological reversal potential of the
GABAA conductance is 79mV (Bevan et al., 2000), Although slow inactivation of sodium currents is un-
likely to outlast a period of HFS for more than severalwhere removal of slow inactivation is nearly complete
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clamp, we switched to an external solution designed to mimic ratseconds, it is likely to be important during the actual
CSF more closely (1.2 Ca Tyrode’s), with 1.2 mM CaCl2 (Brumbergapplication of HFS, often delivered continuously in clini-
et al., 2000) and 3.5 mM KCl (Manthei et al., 1972). Dissociated STNcal treatment. Effects of HFS on some motor signs, es- cells fired somewhat more quickly in this solution (37 12 Hz, 23C,
pecially rigidity and tremor, can develop and reverse n  50), compared to the 2 mM CaCl2, 2.5 mM KCl solution (25 
within seconds of HFS being turned on or off (Benazzouz 10 Hz, 23C, n  49).
Most voltage-clamp experiments in which current clamp was notet al., 1993; Pollak et al., 2002). Parkinsonian motor con-
necessary used solutions designed to isolate sodium currents. Theditions, especially tremor, may involve synchronized os-
internal solution (NMDG-phosphate solution) was based on N-methyl-cillatory bursting of GPe and STN neurons (Bergman et D-glucamine (NMDG) phosphate: 108 or 140 mM NMDG2PO4, 13.5
al., 1994; Plenz and Kitai, 1999). When resurgent current mM NaCl, 1.8 mM MgCl2, 9 mM EGTA, 9 mM HEPES, 14 mM phos-
and persistent current are reduced during HFS, the abil- phocreatine (Tris salt), 4 mM MgATP, 0.3 mM GTP (Tris salt) (pH
7.2 with H3PO4). The external solution (TEA/Cs/Cd Tyrode’s) wasity of STN neurons to burst is likely to be compromised.
designed to block calcium currents and reduce potassium currents,At the same time, STN neurons may still be able to fire
to facilitate accurate TTX subtractions (150 mM NaCl, 3.5 mM KCl,
single spikes reliably, even at high stimulation frequen- 1 mM BaCl2, 0.2 mM CdCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM
cies, since a large fraction of transient sodium current glucose, 10 mM TEACl, 3 mM CsCl [pH 7.4 with 4.4 mM NaOH]).
Sodium channel currents were defined by subtraction of the currentscan be blocked with minimal effects on the generation
remaining in 300 nM TTX.of single spikes (Madeja, 2000). Thus, slow inactivation
Resurgent current in Purkinje neurons may be regulated by phos-of resurgent and persistent components of sodium cur-
phorylation (Grieco et al., 2002). In control experiments, we com-
rent during HFS offers a plausible cellular mechanism by pared resurgent current recorded with internal phosphate-based
which exogenous stimulation could disrupt pathological solutions to those recorded using a chloride-based solution: 120
mM NMDGCl, 15 mM NaCl, 1.8 mM MgCl2, 9 mM HEPES, 9 mMSTN function by “jamming” the pathological signal, even
EGTA, 14 mM phosphocreatine (Tris salt), 4 mM MgATP, 0.3 mMwhile producing an average firing frequency that is actu-
GTP (Tris salt) (pH 7.2 with HCI). There were no obvious differences.ally higher than tonic firing.
With internal chloride, peak resurgent current at30mV was 2.1%
0.5% (n  8) of the peak transient current, compared to 2.6% 
Experimental Procedures
2.5% with internal phosphate (n  10), and voltage dependence
and kinetics were similar. All statistics in Results are from recordings
Preparation of Tissue using internal phosphate.
Long Evans rats (P13–18) were anesthetized with isoflurane and Initial experiments in slice (reported in connection with Figure 1)
decapitated. One to three coronal slices of 300–400 m were cut used an internal solution consisting of 108–126 mM KCH3SO3, 13.5
in a cold sucrose solution (87 mM NaCl, 25 mM NaHCO3, 2.5 mM mM NaCl, 1.8 mM MgCl2, 9 mM EGTA, 9 mM HEPES, 14 mM phos-
KCl, 1.25 mM Na2HPO4, 7 mM MgCl2, 25 mM glucose, and 75 mM phocreatine (Tris salt), 4 mM MgATP, 0.3 mM GTP (Tris salt) (pH 7.2
sucrose, equilibrated with 95% O2/5% CO2). When STN neurons were with KOH). In later experiments, including all those in slice at 35C
retrograde labeled, fluorescent latex microspheres (rhodamine dye, and reported in Figures 5 and 6, we switched to a solution with 90
50–150 nl, Lumafluor, Naples, FL) were injected into the entopedun- M EGTA to better approximate physiological calcium buffering.
cular nucleus, 2 mm posterior and 2.5 mm lateral to Bregma, 7 mm This solution (K-methanesulfonate solution) was 117 mM KCH3SO3,
below the dura (using P10-P11 rats), and animals were used after 13.5 mM NaCl, 1.8 mM MgCl2, 0.09 mM EGTA, 9 mM HEPES, 14
3–8 days. mM phosphocreatine (Tris salt), 4 mM MgATP, 0.3 mM GTP (Tris
Slices were incubated in a holding solution (sucrose solution with salt) (pH 7.2 with KOH). The external solution for current-clamp
recordings in slices was standard artificial cerebrospinal fluid (ACSF)0.5 mM CaCl2 added) at 35C for 30 min, then kept at room tempera-
consisting of 125 mM NaCl, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mMture. For dissociation, slices were exposed to 3 mg/ml protease
Na2HPO4, 2 mM CaCl2, 1 mM MgCl2, 25 mM glucose, equilibratedXXIII for the last 7–8 min at 35C and then to a holding solution with
with 95% O2/5% CO2. To block fast synaptic transmission, this solu-1 mg/ml BSA, 1 mg/ml trypsin inhibitor during the first 15–30 min
tion also contained 20 M CNQX, 50 M D,L-APV, and 100 Mat room temperature. The STN was removed into trituration solution
picrotoxin. For the later experiments in slice at 35C (Figures 5 and(70 mM Na2SO4, 1.5 mM K2SO4, 7 mM MgCl2, 10 mM HEPES, 25
6), the external solution was ACSF but with more physiological KClmM glucose, and 75 mM sucrose [pH 7.4 with NaOH]) and passed
(3.5 mM) and CaCl2 (1.2 mM) and with 1–2 mM kynurenate substitut-through fire-polished pasteur pipettes to release individual neurons.
ing for CNQX and APV.
Junction potentials (KCH3SO3 solution, 8mV; K2PO4 solution,Recording
12mV; 54 and 70 mM NMDG2PO4 solutions, 9mV and 4mV;Recordings from cells in brain slices were made using either an
NMDGCl solution, 9mV), measured using a flowing KCl bridgeAxoclamp 2B or Axopatch 200B amplifier in fast current-clamp mode
(Neher, 1992), have been corrected.(Axon Instruments, Union City, CA). Recordings from dissociated
In measuring slow inactivation, recordings were rejected if leakSTN neurons used the Axopatch 200B in voltage-clamp or fast cur-
and compensated series resistance varied more than 20% or 0.1
rent-clamp mode. The patch pipettes were wrapped to near the tip
M, respectively, or if sodium current changed more than 20%,
with stretched parafilm to reduce capacitance. Cell capacitance
with an additional requirement in measuring recovery from slow
was nulled, and series resistance, usually less than 10 M, was inactivation that control resurgent current was 	50 pA so that
compensated 60%–95%. changes could be accurately measured.
Solutions and Pharmacology Data Analysis
For combined current-clamp and voltage-clamp experiments, we Signals were filtered at 10 kHz and sampled at 50 kHz or filtered at
used a PO4-based internal solution, which gave lower and more 5 kHz and sampled at 10 kHz. Some traces were also digitally filtered
stable access resistances than solutions using methanesulfonate. for display. Data were acquired and analyzed with pClamp 8.0 (Axon
This solution (K-phosphate solution) was 108 mM KH2PO4, 13.5 mM Instruments), Igor 3.14 (Wavemetrics, Lake Oswego, OR), DataAc-
NaCl, 1.8 mM MgCl2, 9 mM EGTA, 9 mM HEPES, 14 mM phosphocre- cess (Bruxton Corporation, Seattle, WA), and Excel (Microsoft Cor-
atine (Tris salt), 4 mM MgATP, 0.3 mM GTP (Tris salt) (pH 7.2 with poration, Seattle, WA). Statistics are presented as the mean  SD.
108 mM KOH). Pacemaking was not obviously different in several Tests of statistical significance employed the Mann-Whitney U test,
experiments using lower calcium buffering (0.09–0.9 mM EGTA). the Wilcoxon matched pairs test, and the Kruskal-Wallis H test.
Initial experiments on dissociated neurons used an external Tyr-
ode’s solution (2 Ca Tyrode’s) consisting of 150 mM NaCl, 2.5 mM Acknowledgments
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